Accidental pollution incidents have caused a major threat to water safety of drinking water sources. However, few studies have focused on quantitative risk assessment of pollution incidents in a watershed which contains drinking water sources. A coupling model consisting of the Seveso III Directive, SWAT, and MIKE21 models was constructed for risk assessment of sudden pollution incidents at the watershed scale. The potential hazard of risk sources (e.g., industrial enterprises), the vulnerability of risk receptors (e.g., drinking water intakes), and the environmental risk of different sub-regions of the watershed were evaluated by this model. In addition, a case study was applied in Hongfeng Lake watershed (HLW), where the Hongfeng Lake drinking water source is located. The results showed that about 68% of the industrial enterprises in the HLW were potentially hazardous according to the Seveso III Directive, including 5 high hazard enterprises, 13 medium hazard enterprises, and 37 low hazard enterprises, most of which were concentrated in the coal mining, chemical production, and building material industries. The HLW was divided into the Yangchang River watershed (YRW), the Maiweng River watershed (MRW1), the Maxian River watershed (MRW2), the Houliu River watershed (HRW), and the lake area by the hydrological characteristics, among which, the vulnerability index of YRW was the largest. Besides, it was essential to consider the vulnerability assessment of drinking water intakes when conducting an environmental risk assessment in the HLW. Regional environmental risk grade of YRW, MRW1, MRW2, HRW, and the lake area was high, medium, low, low, and none, respectively. The environmental risk assessment results showed good consistency with the pollution characteristics and spatial distribution of industrial enterprises in the HLW. Furthermore, the theory of a three-level prevention system for "risk sources-water body connection-water intakes" was proposed for environmental risk management in the HLW. Overall, the case study in the HLW indicated that the coupling model proposed in this study had a good compatibility for environmental risk assessment of sudden water pollution incidents in a watershed.
Introduction
Over the past decades, China has been experiencing rapid industrialization and agricultural modernization, accompanied by a sharp deterioration in ecological environment. During this period, toxic chemicals have been widely used in industrial production, which has seriously threatened the water safety of drinking water sources [1] .
There were 592 accidental water pollution incidents that occurred in the years 2012~2017 [2] . For instance, in 2016, large amounts of illegal sewage from an industrial wastewater treatment plant in Yanfeng County, Jiangxi Province, caused serious pollution to a drinking water source of Shanggao County [3] . Compared with long-period water pollution incidents, prediction in the occurrence of sudden water pollution incidents remains hard due to its uncertainty, complexity, and urgency [4] . As a sensitive environmental risk receptor, the water security of drinking water sources has been deeply affected by the surrounding industrial enterprises for a long time [5, 6] . If the drinking water source is contaminated, it will directly aggravate the quality of drinking water supply in the whole country and indirectly have detriment in social stability [7] . The safety of drinking water sources remains a principal issue of future environmental management. Conducting an environmental risk assessment for drinking water sources and establishing a risk assessment system are beneficial to ameliorate the current situation of accidental water pollution incidents in drinking water source areas [8] .
An environmental risk assessment (ERA) is the evaluation of the influence of industrial pollutions and other anthropogenic activities on human health and ecosystem [9] . In recent years, a variety of methods have been used to assess environmental risk. Salvi et al. proposed a set of risk assessment approaches for accidental pollution incidents, which took intensity, frequency, and vulnerability into account [10] . Tian et al. used the analytic hierarchy process (AHP) to analyze the feature of environmental risk in industrial enterprises [11] . Peng et al. introduced a novel five-step system to identify the environmental risk sources [12] . Meng et al. applied information-diffusion theory to estimate the maximum value of environmental risk of each individual risk source and get the result of total value of regional environmental risk [13] . Wang et al. invented a water source risk assessment method based on GIS under the pressure-state-response framework and quantitatively assessed the risk value of various risk sources in Shenzhen Reservoir [14] . Zhang et al. and Liu et al. improved a watershed-scale accidental pollution risk assessment system by the relative risk model, which provided a more comprehensive risk assessment system concerned with multiple risk receptors and sources [15, 16] . Gu et al. estimated the vulnerability of drinking water sources through the fuzzy analytic hierarchy process (FAHP) [17] . Luo et al. established an integrated environmental risk assessment system of drinking water sources for risk sources and risk receptors based on the analytic hierarchy process (AHP) [18] . Xing et al. realized research area gridding and classified the regional environmental risk into different levels by designing an environmental risk model, which included field intensity and vulnerability index [19] . Jia et al. established a risk assessment index system containing environmental risk sources' intensity, risk receptors' vulnerability, sewage pipeline diffusivity, and the corresponding risk assessment model for sudden water pollution incidents [20] . Xiao et al. tested the hazard and vulnerability of each working unit of the water function areas and finally acquired the results of each working unit's risk evaluation through the risk grade matrix by using the fuzzy comprehensive evaluation method [2] .
For the above work, the evaluation methods of risk sources have been developed well, which can give quantitative results of environmental risk. However, the analyses of the vulnerability of risk receptors are lacking in quantitative evaluation methods. The estimation of risk receptors' vulnerability relies heavily on weights which has no certain standards. Owing to the large scale of the study area, the assessment of environmental vulnerability can only be roughly obtained from the number of receptors in some studies [20] . Thus, it is difficult to precisely quantify the vulnerability of risk receptors.
Hongfeng Lake is located in Yungui plateau, and it is a dominant drinking water source that supplies fresh water for approximately three million people in Guiyang City. Some researchers have focused on the chemical speciation distribution, biogeochemical cycle, and release mode of various elements in the Hongfeng Lake watershed (HLW) [21] [22] [23] . Others have evaluated the potential ecological risk of heavy metals in the sediments of the HLW [14, 24, 25] . Wang et al. discussed the effect of seasonal hypoxia on the release of phosphorus from sediments of the HLW [26] . Wang et al. analyzed and evaluated the potential ecological risk of heavy metal pollution, in quantitative terms, in sediments of the HLW [27] . So far, few researchers have conducted risk assessments of sudden water pollution incidents on the scale of the watershed [2, 16] . Furthermore, few literatures focus on the risk assessment of sudden water pollution incidents in the HLW.
The Seveso III Directive refers to the European Council's third revision of the Seveso Directive, which aims to prevent major incidents of hazardous materials and control the hazard to human and environment caused by major accidents [28] . In this study, a coupling model consisting of the Seveso III Directive, SWAT, and MIKE21 models was constructed to assess the environmental risk of sudden pollution incidents in quantitative terms surrounding the drinking water source area. In this coupling model, the potential hazard of risk sources and the vulnerability of risk receptors were considered to acquire the integrated environmental risk level. Moreover, Hongfeng Lake drinking water source was selected as a case study to use the proposed coupling model on the scale of the watershed. The objectives of this study were: (1) To build a quantitative environmental risk assessment model to evaluate the accidental pollution incidents in the drinking water source area; (2) to apply the proposed approach to the Hongfeng Lake watershed, which contains a drinking water source; and (3) to provide a basis for the environmental management of the Hongfeng Lake watershed.
Materials and Methods

Study Area
Hongfeng Lake (26 • 31 -26 • 34 N, 106 • 24 -106 • 43 E), an artificial lake, is located near Qingzhen City, a suburb of Guiyang City, Guizhou Province, Southwestern China [29] , which is shown in Figure 1 . focused on the chemical speciation distribution, biogeochemical cycle, and release mode of various elements in the Hongfeng Lake watershed (HLW) [21] [22] [23] . Others have evaluated the potential ecological risk of heavy metals in the sediments of the HLW [14, 24, 25] . Wang et al. discussed the effect of seasonal hypoxia on the release of phosphorus from sediments of the HLW [26] . Wang et al. analyzed and evaluated the potential ecological risk of heavy metal pollution, in quantitative terms, in sediments of the HLW [27] . So far, few researchers have conducted risk assessments of sudden water pollution incidents on the scale of the watershed [2, 16] . Furthermore, few literatures focus on the risk assessment of sudden water pollution incidents in the HLW. The Seveso III Directive refers to the European Council's third revision of the Seveso Directive, which aims to prevent major incidents of hazardous materials and control the hazard to human and environment caused by major accidents [28] . In this study, a coupling model consisting of the Seveso III Directive, SWAT, and MIKE21 models was constructed to assess the environmental risk of sudden pollution incidents in quantitative terms surrounding the drinking water source area. In this coupling model, the potential hazard of risk sources and the vulnerability of risk receptors were considered to acquire the integrated environmental risk level. Moreover, Hongfeng Lake drinking water source was selected as a case study to use the proposed coupling model on the scale of the watershed. The objectives of this study were: (1) To build a quantitative environmental risk assessment model to evaluate the accidental pollution incidents in the drinking water source area; (2) to apply the proposed approach to the Hongfeng Lake watershed, which contains a drinking water source; and (3) to provide a basis for the environmental management of the Hongfeng Lake watershed.
Materials and Methods
Study Area
Hongfeng Lake (26°31′-26°34′ N, 106°24′-106°43′ E), an artificial lake, is located near Qingzhen City, a suburb of Guiyang City, Guizhou Province, Southwestern China [29] , which is shown in Figure 1 . Hongfeng Lake is located in the subtropical humid monsoon climate zone, with an annual average temperature of 14.06 • C and an annual precipitation of 1176 mm [30] . Hongfeng Lake was constructed in the 1960s as one of the seven cascade hydropower stations along the Maotiao River, a tributary of the Wujiang River. Hongfeng Lake is a multi-functional water body for drinking water supply, flood control, hydropower, shipping, commercial aquaculture, and recreation [30] . As a main drinking water source, Hongfeng Lake is mainly utilized to supply fresh water for urban areas of Guiyang, Guizhou Province. The drinking water intakes of Hongfeng Lake are Guiyang Xijiao and Qingzhen Bailongdong (26.513444 • N, 106.441139 • E). Guiyang Xijiao water intake is marked in Figure 1 .
There are four main tributaries flowing into Hongfeng Lake, which are Yangchang River, Maxian River, Houliu River, and Maiweng River. Yangchang River is the largest tributary flowing into the Lake [24] , and Maotiao River is the only tributary that flows out of the Lake. According to the hydrological and geographical characteristics, the Hongfeng Lake watershed (HLW) is divided into five sub-regions, which are Maiweng River watershed, Yangchang River watershed, Maxian River watershed, Houliu River watershed, and the surrounding area of the Lake. The area of the HLW is approximately 1596.0 km 2 and the area of the lake is 57.2 km 2 , with an average water depth of 10.5 m (max. 45 m) [30] . The HLW is dominated by woodland and farmland, accounting for more than 60% of the total area [31, 32] . The soil type in the HLW is dominated by yellow soil and lime soil [31] . A few industrial enterprises of different types are distributed in the HLW [11] .
A Coupling Model for Sudden Environmental Risk Assessment
In this study, a coupling model was formed to assess environmental risk of sudden water pollution incidents in a drinking water source area. The main procedures of applying this model are shown in Figure 2 . Hongfeng Lake is located in the subtropical humid monsoon climate zone, with an annual average temperature of 14.06 °C and an annual precipitation of 1176 mm [30] . Hongfeng Lake was constructed in the 1960s as one of the seven cascade hydropower stations along the Maotiao River, a tributary of the Wujiang River. Hongfeng Lake is a multi-functional water body for drinking water supply, flood control, hydropower, shipping, commercial aquaculture, and recreation [30] . As a main drinking water source, Hongfeng Lake is mainly utilized to supply fresh water for urban areas of Guiyang, Guizhou Province. The drinking water intakes of Hongfeng Lake are Guiyang Xijiao and Qingzhen Bailongdong (26.513444° N, 106.441139° E). Guiyang Xijiao water intake is marked in Figure 1 .
In this study, a coupling model was formed to assess environmental risk of sudden water pollution incidents in a drinking water source area. The main procedures of applying this model are shown in Figure 2 . The model takes the potential hazard of industrial enterprises and the vulnerability of drinking water intakes into consideration to obtain the environmental risk level of each industrial enterprise. Then, the regional environmental risk level of each sub-region in the watershed was evaluated and the risk level was classified according to the value. The main procedures of the model are listed as follows:
• Potential hazard assessment of risk sources (PHI)
The pollutants emitted by the risk source into the water will cause great harm to the environment. This paper uses Seveso III Directive model to calculate the potential hazard index to characterize the harm of the risk source [11] . The type and quantity of hazardous materials stored in the risk sources are considered in the Seveso III Directive.
•
Vulnerability assessment of risk receptors (UVI)
Risk receptors are also important factors affecting the results of an environmental risk assessment. In this study, the damage degree of the receptor is indicated by vulnerability. For urban centralized drinking water source areas, the vulnerability is related to the population served by drinking water intakes and the migration time of leaking pollutants. The migration time is calculated by the SWAT and MIKE21 models [33] .
Integrated environmental risk assessment of risk sources (ERI)
After completing the above two steps, the integrated environmental risk assessment of risk sources is conducted, which is expressed as the environmental risk index (ERI). The ERI is calculated on the basis of the PHI and the UVI. The environmental risk level of risk sources can be divided into different grades by the value of ERI.
Regional environmental risk assessment (ERI S )
Regional environmental risk is the accumulation of the ERI of each risk source in a certain sub-region [2] , which is defined as regional environmental risk index (ERI S ). To carry out environmental risk management efficiently, regional environmental risk level can be rated by the value of ERI S .
Assessment System
Potential Hazard Assessment of Risk Sources
The Seveso III Directive hopes to enhance the capacity of environmental protection of the entire region in a lasting and efficient way [34, 35] . It is relatively complete and has been widely accepted in the European Union [10, 28, 36, 37] . The fundamental assumption of the Seveso III Directive to assess the environmental risk is that industrial enterprises have the potential hazard of leaking pollutants. The potential hazard index (PHI), a function of the inherent characteristics of industrial enterprise, is used to classify the hazard grade of industrial enterprises. The type of substances and productions, as well as the number of substances handled, stored, and processed by the enterprises, need acquiring to calculate the PHI. Besides, the probability of a pollution incident also needs to be taken into account. In a practical experiment, the detailed statistics of industrial enterprises used to calculate the probability are difficult to obtain. From a safety perspective, it is considered that the probability of a pollution accident is equal for all industrial enterprises that store hazardous substances.
The limit values of hazardous substances are defined in the Seveso III Directive model, which are divided into A-type limit values (ThrA) and B-type limit values (ThrB). The quantity of hazardous substances is expressed as M i,j . When M i,j is 0, the hazard of industrial enterprises is defined as no hazard. When 0 < M i,j ≤ ThrA, it is defined as low hazard. When ThrA < M i,j ≤ ThrB, it is defined as medium hazard. When M i,j > ThrB, it is defined as high hazard. The Seveso III Directive uses the threshold method to classify hazardous substances, while it is inadequate to reflect the real situation of Sustainability 2019, 11, 5403 6 of 21 the hazard of industrial enterprises. In order to make the potential hazard assessment more accurate, this study introduces linear functions to continuously classify the potential hazard index of industrial enterprises [38] . The PHI of industrial enterprises of each sub-region is accumulated to obtain the regional potential hazard index (PHIs). The following Equations are used to calculate the value of the PHI and PHIs:
where PHI i,j is the potential hazard index of the j-th class of hazardous substance stored by the i-th enterprise, M i,j is the number of the j-th class of hazardous substance stored by the i-th enterprise, ThrA and ThrB are the A-type and B-type limit values of the quantity of the hazardous substances, I is the total number of all the enterprises, PHI i is the potential hazard index of the i-th enterprise, and PHIs is the cumulative potential hazard index of all the enterprises in a certain sub-region of the study area.
Vulnerability Assessment of Risk Receptors
For an urban centralized drinking water source area, its vulnerability is calculated by the drinking water intake and expressed by the vulnerability index (UVI). The value of UVI is closely related to the population quantity served by drinking water intakes and the time required for the leaking pollutants to reach the water intake, along with the water flow. The calculation Equations are as follows:
where UVI i,k is the vulnerability index of the k-th drinking water intake caused by the i-th enterprise, K is the total number of all the drinking water intakes, p k is the population quantity served by the k-th drinking water intake, t i,k is the migration time for pollutants from the i-th enterprise to the k-th drinking water intake, and t max is the maximum value of t i,k . The population quantity served by a drinking water intake is directly proportional to its water withdrawal. Therefore, if there is a lack of the population information served by each drinking water intake of the study area, Equation (4) can be expressed as Equation (5):
where w k is the water withdrawal per day of the k-th drinking water intake, m 3 d −1 , and UVI i is the vulnerability index of all the drinking water intakes of the study area caused by the i-th enterprise.
In addition, some assumptions are follows: It is necessary to count the time required for the pollutants migrating to the drinking water intakes; the diffusion process of leaking pollutants needs to be considered, and the process of dilution, degradation, and sedimentation are excluded; the potential Sustainability 2019, 11, 5403 7 of 21 hazard of these substances is considered to remain constant for a certain period (e.g., 24 h) and the pollution accident can be effectively controlled during this period. For a lake-type drinking water source, the leaking pollutants migrate along the tributary to the lake inlet firstly, and then migrate with the water flow to the drinking water intake. Therefore, for a lake-type drinking water source, the migration time for a certain pollutant from the i-th enterprise to the k-th drinking water intake (t i,k ) consists of two parts, which are calculated as follows:
where t i,k1 is the migration time for a certain pollutant from the i-th enterprise to the lake inlet, and t i,k2 is the migration time for the same pollutant from the lake inlet to the k-th drinking water intake of a lake-type water source.
Estimation of the average flow velocity of each reach (V)
The SWAT model was used to divide the tributaries and simulate monthly average flow discharge of the study area. Based on the DEM data, the sub-watersheds and reaches were divided. Then the division results were loaded into the SWAT model. The geographic coordinates of each industrial enterprise were counted, and a geographic information layer was generated. The layer was imported into ArcGIS and stacked with the base map of the study area. The precipitation series of the study area was used to simulated monthly average flow of each reach. In addition, the simulated flow was adjusted by the measured flow of the hydrological station. The greater the flow discharge, the greater the flow velocity and the faster the migration of pollutants from the risk source. Therefore, from a safety point of view in the response of a possible pollution incident, the largest monthly average flow was selected as the flow data (Q). All reaches were adjusted by the ratio of the width of several typical reaches by remoting sensing images to the measured width of the divided reaches to acquire the average river width (D). Similarly, the average depth (H) of each reach could be obtained. The average flow velocity (V) of each reach can be calculated as follows:
where V is the average velocity, Q is the average flow discharge, D is the average river width and H is the average river depth.
Migration Time from the Industrial Enterprise to the Lake Inlet (t i,k1 )
The time for a certain pollutant from the i-th enterprise migrating from the nearest tributary of the enterprise to the lake inlet is calculated as follows:
where D 0 is the distance for a certain pollutant from the leakage position to the nearest reach of the i-th enterprise, V 0 is the average velocity of the pollutants flowing into the nearest reach, n is the serial number of the reach through which the leaking pollutants flows, 1 is the serial number of the reach where the pollutants first flow into, N is the total number of all the reaches through which the pollutant will flow, L n is the length of the n-th reach, and V n is the average velocity of the n-th reach.
Migration Time from the Lake Inlet to the Drinking Water Intake (t i,k2 )
The MIKE21 model was used to simulate the migration and transformation of leaking pollutants [39] , and eventually obtain the migration time. The hydrodynamic adopts the Hydrodynamic module (HD module) and the water quality adopts the Transport module. The transformation involves Sustainability 2019, 11, 5403 8 of 21 two processes of diffusion and degradation, which are determined by parameters. The risk concentration is set based on the concentration characteristics of pollutants in the past years. The initial value of the model is determined according to the monitoring concentration of pollutants in the area. The migration and transformation process of leaking pollutants in different tributaries are simulated, respectively.
Integrated Environmental Risk Assessment of Risk Sources
The integrated environmental risk of sources is expressed by the environmental risk index (ERI), which is calculated as:
where ERI i is the environmental risk index of the i-th industrial enterprise; PHI i is the potential hazard index of the i-th industrial enterprise; UVI i , AVI i , IVI i represent the threat of the i-th enterprise to the urban area, the agricultural area, and the industrial area, respectively; wfu, wfa, wfi are the weighting factor of the urban area, the agricultural area, and the industrial area, respectively. The weighting factor is determined according to the actual field situation of the study area. This study focuses on an urban centralized drinking water source; thus, only the vulnerability of an urban area is considered. It is assumed that both the value of wfa and wfi are 0 and the value of wfu is 1. Equation (10) is simplified as follows:
2.3.4. Regional Environmental Risk Assessment
Generally, the studied area where the drinking water source is located can be divided into several sub-regions according to its hydrological characteristics, and the regional environmental risk (ERIs) is the accumulation of ERI of each industrial enterprise in a certain sub-region. The value of ERIs of each sub-region is calculated as follows:
where ERIs is the regional environmental risk of each sub-region in the watershed, ERI i is the environmental risk index of the i-th industrial enterprise, and I is the total number of industrial enterprises in a certain sub-region. The regional environmental risk level of different sub-regions in the watershed can be divided into four grades: High, medium, low, and none, according to the value of ERIs.
Results
Potential Hazard Index of Industrial Enterprises
According to the field investigation and the document about pollution sources information of the Hongfeng Lake watershed (HLW) provided by Two Lakes and One Reservoir Administration of Guiyang City, the quantities and characteristics of the raw materials, as well as productions stored and used by 81 industrial enterprises in the HLW, were acquired. The potential hazard index (PHI) of each enterprise was calculated. The potentially hazardous enterprises (PHI > 0) were classified according to different sub-regions of the HLW, which is illustrated in Figure 3 . 9 of each enterprise was calculated. The potentially hazardous enterprises (PHI > 0) were classified according to different sub-regions of the HLW, which is illustrated in Figure 3 . Overall, the spatial distribution of potentially hazardous enterprises showed obvious differences ( Figure 3 ). There were 55 potentially hazardous enterprises, accounting for 67.9% of the total enterprises. All of the industrial enterprises were graded based on the value of PHI, among which, 32.1% had no hazard, 45.7% had low hazard, 16.0% had medium hazard, and 9.9% had high hazard.
The value of PHI varied greatly among different enterprises, the coefficient of variation of which was 1.23. Since the PHI of all the industrial enterprises in the Houliu River watershed was 0, it could be considered that the Houliu River watershed had no potential hazard. The PHI of enterprises in each sub-region varied greatly. For the enterprises in the Yangchang River watershed, the PHImin was 0.001, the PHImax was 1, and the average value was 0.324. The Maiweng River watershed had a smaller range of PHI than other sub-regions of the HLW, with an average value of 0.454. The mean PHI values of the Maxian River watershed and the surrounding area of the lake were 0.341 and 0.600, respectively. The number of industrial enterprises in the Yangchang River watershed was the most, the averaged PHI of which was the smallest.
The value of PHI is not only related to the quantities of industrial enterprise, but also to the types of enterprises. To investigate the potential hazard of different types of industrial enterprises, the enterprises were divided into eight types. The quantities and values of the cumulative potential hazard index for each type of enterprise were calculated, the results of which were demonstrated in Figure 4 . The value of PHI was significantly influenced by the types of enterprises. The cumulative PHI of building material production enterprises was the largest, followed by coal mining and chemical production enterprises. The cumulative PHI of pharmaceutical enterprises was the lowest. Overall, the spatial distribution of potentially hazardous enterprises showed obvious differences ( Figure 3 ). There were 55 potentially hazardous enterprises, accounting for 67.9% of the total enterprises. All of the industrial enterprises were graded based on the value of PHI, among which, 32.1% had no hazard, 45.7% had low hazard, 16.0% had medium hazard, and 9.9% had high hazard. The value of PHI varied greatly among different enterprises, the coefficient of variation of which was 1.23. Since the PHI of all the industrial enterprises in the Houliu River watershed was 0, it could be considered that the Houliu River watershed had no potential hazard. The PHI of enterprises in each sub-region varied greatly. For the enterprises in the Yangchang River watershed, the PHI min was 0.001, the PHI max was 1, and the average value was 0.324. The Maiweng River watershed had a smaller range of PHI than other sub-regions of the HLW, with an average value of 0.454. The mean PHI values of the Maxian River watershed and the surrounding area of the lake were 0.341 and 0.600, respectively. The number of industrial enterprises in the Yangchang River watershed was the most, the averaged PHI of which was the smallest.
The value of PHI is not only related to the quantities of industrial enterprise, but also to the types of enterprises. To investigate the potential hazard of different types of industrial enterprises, the enterprises were divided into eight types. The quantities and values of the cumulative potential hazard index for each type of enterprise were calculated, the results of which were demonstrated in Figure 4 . The value of PHI was significantly influenced by the types of enterprises. The cumulative PHI of building material production enterprises was the largest, followed by coal mining and chemical production enterprises. The cumulative PHI of pharmaceutical enterprises was the lowest. 
Vulnerability Index of Drinking Water Sources
Simulating the Migration Time for Pollutants from Enterprises
Migration Time from the Enterprise to the Hongfeng Lake Inlet
A total of 132 sub-watersheds and reaches of the HLW were divided by the SWAT model, which is shown in Figure 5 .
The precipitation series data of the HLW from the years 2000 to 2016 were used to simulate monthly average flow discharge of each reach. Then, the simulated flow discharge was adjusted by using the measured flow data of the hydrological stations in the HLW. The calculated monthly average discharge of each reach from 2000 to 2016 was obtained. Comparing the monthly average discharge of each reach during the flood seasons (June-August) of 2000 to 2016, it was found that the discharge in August 2000 was the largest. Therefore, the monthly average discharge of each reach in August 2000 was selected as the flow data, which is listed in Table 1 . 
Vulnerability Index of Drinking Water Sources
Simulating the Migration Time for Pollutants from Enterprises
Migration Time from the Enterprise to the Hongfeng Lake Inlet
The precipitation series data of the HLW from the years 2000 to 2016 were used to simulate monthly average flow discharge of each reach. Then, the simulated flow discharge was adjusted by using the measured flow data of the hydrological stations in the HLW. The calculated monthly average discharge of each reach from 2000 to 2016 was obtained. Comparing the monthly average discharge of each reach during the flood seasons (June-August) of 2000 to 2016, it was found that the discharge in August 2000 was the largest. Therefore, the monthly average discharge of each reach in August 2000 was selected as the flow data, which is listed in Table 1 . Due to the lack of hydrological data, it was assumed that the migration velocity of the leaking pollutants was equal to the average flow velocity in the hydrological network of the HLW. The time for pollutants migrating from each industrial enterprise to the lake inlet was classified according to the sub-regions, which is presented in Figure 6 .
Some enterprises in the Yangchang River watershed had a long migration time, nearly 17 h ( Figure 6 ). The average migration time of the Maiweng River watershed, the Yangchang River watershed, the Maxian River watershed, and the surrounding area of Hongfeng Lake was, respectively, 6.6 h, 8.0 h, 2.5 h and 1.6 h. The average migration time of the Yangchang River watershed was the longest, while the time of the surrounding area of the lake was the shortest. This result corresponded to the spatial distribution of industrial enterprises in the HLW (Figure 1 ). Due to the lack of hydrological data, it was assumed that the migration velocity of the leaking pollutants was equal to the average flow velocity in the hydrological network of the HLW. The time for pollutants migrating from each industrial enterprise to the lake inlet was classified according to the sub-regions, which is presented in Figure 6 .
Some enterprises in the Yangchang River watershed had a long migration time, nearly 17 h ( Figure 6 ). The average migration time of the Maiweng River watershed, the Yangchang River watershed, the Maxian River watershed, and the surrounding area of Hongfeng Lake was, respectively, 6.6 h, 8.0 h, 2.5 h and 1.6 h. The average migration time of the Yangchang River watershed was the longest, while the time of the surrounding area of the lake was the shortest. This result corresponded to the spatial distribution of industrial enterprises in the HLW (Figure 1 ). Figure 6 . The time required for the pollutants from enterprises migrating into the lake inlet.
Migration Time from the Lake Inlet to the Drinking Water Intake
The main heavy metal pollutant Hg was taken as an example to determine the degradation and diffusion coefficient. Since the degradation process of heavy metals was negligible, the degradation coefficient in this study was considered to be the sedimentation coefficient of heavy metals. The surface area of Hognfeng Lake is large but the water body of this lake is rarely connected with other watersheds so the hydrological condition of this lake is unfavorable of the movement of the pollutants. According to the above, the model comprehensively considered the water flow and diffusion to simulate the migration time. The migration time from the water inlet of Maiweng River to the drinking water intake was more than 100 days, mainly because Maiweng River was in the northwest of Hongfeng Lake. Only a small amount of the pollutants migrated to the drinking water intake against the water flow by diffusion. The migration time for the pollutants from the lake inlet of Yangchang River, Maxian River, and Houliu River to the drinking water intakes was 38, 44 and 42 days, which was quite long. In terms of the risk of early warning and response to burst pollution accidents, it was meaningless for managers to deal with the issue in such a long period. From a safety standpoint, it was inevitable that managers should cope with this problem at first as soon as the leaking pollutants enter the lake. Therefore, in the practical calculation, the migration time of pollutants from enterprises to the lake inlet was used as ti,k in Equation (9).
Calculation of Vulnerability Index
For all cases, the value of ti,k was less than 24 h ( Figure 6 ); thus, tmax was set to 24 h in this case study. The information of water withdrawal of drinking water intakes of Hongfeng Lake is presented in Table 2 , and the vulnerability index (UVI) for each enterprise of Hongfeng Lake is illustrated in Figure 7 . Table 2 . The water withdrawal per day of two drinking water intakes of Hongfeng Lake.
Serial Number Drinking Water Intakes Water Withdrawal (wk, 10 4 m 3 d −1 )
1 Xijiao waterworks 25 2 Bailongdong waterworks 2 Figure 6 . The time required for the pollutants from enterprises migrating into the lake inlet.
Migration Time from the Lake Inlet to the Drinking Water Intake
The main heavy metal pollutant Hg was taken as an example to determine the degradation and diffusion coefficient. Since the degradation process of heavy metals was negligible, the degradation coefficient in this study was considered to be the sedimentation coefficient of heavy metals. The surface area of Hognfeng Lake is large but the water body of this lake is rarely connected with other watersheds so the hydrological condition of this lake is unfavorable of the movement of the pollutants. According to the above, the model comprehensively considered the water flow and diffusion to simulate the migration time. The migration time from the water inlet of Maiweng River to the drinking water intake was more than 100 days, mainly because Maiweng River was in the northwest of Hongfeng Lake. Only a small amount of the pollutants migrated to the drinking water intake against the water flow by diffusion. The migration time for the pollutants from the lake inlet of Yangchang River, Maxian River, and Houliu River to the drinking water intakes was 38, 44 and 42 days, which was quite long. In terms of the risk of early warning and response to burst pollution accidents, it was meaningless for managers to deal with the issue in such a long period. From a safety standpoint, it was inevitable that managers should cope with this problem at first as soon as the leaking pollutants enter the lake. Therefore, in the practical calculation, the migration time of pollutants from enterprises to the lake inlet was used as t i,k in Equation (9).
Calculation of Vulnerability Index
For all cases, the value of t i,k was less than 24 h ( Figure 6) ; thus, t max was set to 24 h in this case study. The information of water withdrawal of drinking water intakes of Hongfeng Lake is presented in Table 2 , and the vulnerability index (UVI) for each enterprise of Hongfeng Lake is illustrated in Figure 7 . The value of UVI in Hongfeng Lake area was different from that of the potential hazard index (Figure 7) . The average UVI value of Maiweng River, Maxian River, and the surrounding area of the lake was 0.72, 0.90 and 0.93, respectively. The UVI of enterprises in the Yangchang River watershed varied greatly, with an average of 0.67.
Integrated Environmental Risk Index
According to the results of the potential hazard index (PHI) and the vulnerability index (UVI), the integrated environmental risk index (ERI) of each industrial enterprise in the HLW was calculated. In addition, the industrial enterprises were divided into different risk grades according to the value of ERI. These results are shown in Figure 8 and Table 3 . The value of UVI in Hongfeng Lake area was different from that of the potential hazard index (Figure 7) . The average UVI value of Maiweng River, Maxian River, and the surrounding area of the lake was 0.72, 0.90 and 0.93, respectively. The UVI of enterprises in the Yangchang River watershed varied greatly, with an average of 0.67.
According to the results of the potential hazard index (PHI) and the vulnerability index (UVI), the integrated environmental risk index (ERI) of each industrial enterprise in the HLW was calculated. In addition, the industrial enterprises were divided into different risk grades according to the value of ERI. These results are shown in Figure 8 and Table 3 . The industrial enterprises were classified according to the sub-region in which they were located. Overall, the range of the value of ERI varied greatly. The variation of ERI of each sub-region was great. The value of ERI of each enterprise in the Yangchang River watershed varied quite differently. The average ERI of the Maiweng River watershed was 0.33; the Yangchang River watershed was 0.21; the Maxian River watershed was 0.29; and the surrounding area of Hongfeng Lake was 0.57. The environmental risk index was classified according to different types of enterprises, and the quantities of different types of industrial enterprises were counted, which are illustrated in Figure 9 . 
ERI
Quantities of Industrial Enterprises Risk Grade of Industrial Enterprises
The industrial enterprises were classified according to the sub-region in which they were located. Overall, the range of the value of ERI varied greatly. The variation of ERI of each sub-region was great. The value of ERI of each enterprise in the Yangchang River watershed varied quite differently. The average ERI of the Maiweng River watershed was 0.33; the Yangchang River watershed was 0.21; the Maxian River watershed was 0.29; and the surrounding area of Hongfeng Lake was 0.57. The environmental risk index was classified according to different types of enterprises, and the quantities of different types of industrial enterprises were counted, which are illustrated in Figure 9 . It was found that the ERI value of the building material, coal mining, and chemical production enterprises were larger than that of other enterprises. The results indicate that the value of ERI was related to the type and the quantity of enterprises. For each type of enterprise, the average ERI value of all the enterprises was calculated. The maximum mean ERI value of the types of enterprises were metal smelting (0.85) and manufacturing (0.77), while the minimum mean ERI value existed in the types of food production and pharmaceutical. It was found that the ERI value of the building material, coal mining, and chemical production enterprises were larger than that of other enterprises. The results indicate that the value of ERI was related to the type and the quantity of enterprises. For each type of enterprise, the average ERI value of all the enterprises was calculated. The maximum mean ERI value of the types of enterprises were metal smelting (0.85) and manufacturing (0.77), while the minimum mean ERI value existed in the types of food production and pharmaceutical.
Classification of Regional Environmental Risk Level
In order to understand the environmental risk level of each sub-region, the values of ERI for all enterprises in each sub-region were accumulated to get the regional environmental risk index (ERIs), which is presented in Table 4 . Table 4 . The grade division of regional environmental risk of different sub-regions. The risk level of the Maiweng River watershed was medium. Although many coal mining enterprises were established around the tributary of the Maiweng River watershed which had potential hazard because of no sewage treatment measures, most of the leakage pollutants continued floating towards north along with the water flow to the Maotiao River after entering the lake and then migrated out of Hongfeng Lake. Only a small amount of the leakage migrated to the drinking water intake by diffusion. The risk level of the Yangchang River watershed was high. The industrial enterprises in Yangchang River watershed were relatively developed, which were densely distributed on both sides of Yangchang River, such as chemical production, metal smelting, building material production, industrial production, and other types of enterprises The Maxian River watershed was a low risk region, with an ERIs value of 2.05.
Sub-Regions of the HLW
The number of industrial enterprises distributed in the Maxian River watershed was not many, and there were not many hazardous substances. The environmental risk level of the surrounding area of the lake was low, which had only two risky enterprises. After the sewage flowed into Hongfeng Lake, it flowed out of Hongfeng Lake from Maotiao River, instead of flowing through the drinking water intake. Due to lack of potentially hazardous enterprises in the Houliu River watershed, the region had no risk.
A hazard and risk grade map for industrial enterprises and sub-regions of the HLW was made based on the ERI and ERIs, which is demonstrated in Figure 10 .
There were 6 major risk enterprises, 17 big risk enterprises, 13 general risk enterprises and 19 slight risk enterprises. Most industrial enterprises were general and slight. The number and risk grades of industrial enterprises were closely related to the risk grade of the sub-region. 
Discussion
The coupling model was used to quantitatively conduct an environmental risk assessment that was consistent with the field survey results. From the drinking water crisis in the Taihu Lake watershed in 2007, chemical industry was regarded as the main water risk source [40] . Besides, Liu et al. conducted an environmental risk assessment in the Laoguan River Basin and found that heavy metal mine tailing ponds provided the majority of risk sources [16] . Liu et al. found that the mine tailing ponds had significant detriment in the Guangting Reservoir watershed within Zhangjiakou [41] . Yao et al. analyzed the surface water pollution accidents from 1985 to 2012 and found that machinery chemical production (64.69%) was the main risk source [6] . Wang et al. studied the heavy metals in surficial sediment of the Hongfeng Lake watershed (HLW) and found that the highest concentration in the HLW was Pb which may be due to the traffic volume. The ecological evaluation of heavy metals in the sediments of the HLW conducted by Wang et al. indicated that coal combustion, coal-fired power plant and chemical industries were the main pollution sources in the 
The coupling model was used to quantitatively conduct an environmental risk assessment that was consistent with the field survey results. From the drinking water crisis in the Taihu Lake watershed in 2007, chemical industry was regarded as the main water risk source [40] . Besides, Liu et al. conducted an environmental risk assessment in the Laoguan River Basin and found that heavy metal mine tailing ponds provided the majority of risk sources [16] . Liu et al. found that the mine tailing ponds had significant detriment in the Guangting Reservoir watershed within Zhangjiakou [41] . Yao et al. analyzed the surface water pollution accidents from 1985 to 2012 and found that machinery chemical production (64.69%) was the main risk source [6] . Wang et al. studied the heavy metals in surficial sediment of the Hongfeng Lake watershed (HLW) and found that the highest concentration in the HLW was Pb which may be due to the traffic volume. The ecological evaluation of heavy metals in the sediments of the HLW conducted by Wang et al. indicated that coal combustion, coal-fired power plant and chemical industries were the main pollution sources in the HLW [27] . Mining and chemical industrial enterprises were the main risk sources for the HLW [14] . Moreover, Cao et al. investigated the Chinese environmental events from 2006 to 2018 [1] . The results indicated that hazardous chemical was the main type of risk sources and chemical manufacturing was the main type of sector. In this study, we calculated the potential hazard index (PHI) and integrated environmental risk index (ERI) for a single enterprise of different types of enterprises. The potential hazard index of building materials, coal mining, and chemical production was 6.14, 6.07 and 4.41, which were the main risk sources. The environmental risk index of the smelting, manufacturing, and coal mining was 0.85, 0.77 and 0.47, which had significant influence on the environmental risk level of the HLW. The potential hazard index, vulnerability index, and environmental risk index varied greatly in each sub-region. The potential hazard index, vulnerability index, and environmental risk index varied greatly in each sub-region. To investigate the relationship between the three indexes for each industrial enterprise, the indexes are presented in Figure 11 . HLW [27] . Mining and chemical industrial enterprises were the main risk sources for the HLW [14] . Moreover, Cao et al. investigated the Chinese environmental events from 2006 to 2018 [1] . The results indicated that hazardous chemical was the main type of risk sources and chemical manufacturing was the main type of sector. In this study, we calculated the potential hazard index (PHI) and integrated environmental risk index (ERI) for a single enterprise of different types of enterprises. The potential hazard index of building materials, coal mining, and chemical production was 6.14, 6.07 and 4.41, which were the main risk sources. The environmental risk index of the smelting, manufacturing, and coal mining was 0.85, 0.77 and 0.47, which had significant influence on the environmental risk level of the HLW. The potential hazard index, vulnerability index, and environmental risk index varied greatly in each sub-region. The potential hazard index, vulnerability index, and environmental risk index varied greatly in each sub-region. To investigate the relationship between the three indexes for each industrial enterprise, the indexes are presented in Figure 11 . For each industrial enterprise (Figure 11 ), the value of vulnerability index was in a threshold between the value of potential hazard index (higher) and the integrated environmental risk index (lower). If only potential hazard of risk sources was considered, the environmental risk index would be too large due to the neglect of the vulnerability of risk receptors (drinking water intakes), which would lead to an increase in the cost of disposing the pollution incident. In response to accidental pollution incidents, each emergency of environmental risk is corresponded with a treatment, and the more serious the environmental risk level is, the more cost is needed. As the water itself has selfpurification ability and the distance from the risk source to the drinking water intake point is too long, the vulnerability of the receptor is of great significance for proper evaluation on the risk of the water source. The trend of the vulnerability index has more similarities with that of the environmental risk index than the potential risk index, which indicates that the vulnerability has a greater impact on the integrated environmental risk level.
Yao et al. assessed the risk of upper-middle reaches of the Luanhe River Basin in sudden water pollution incidents based on control units of water function areas [2] . They evaluated the hazard and vulnerability of the Luanhe River Basin and then obtained the environmental risk value. Although they used the PSR model, they calculated hazard, vulnerability, and risk index to represent the environmental risk, which indicated that our indicator selection was reasonable. A coupling model was created to evaluate the environmental risks of industrial enterprises in lake-type drinking water sources in this study. The migration process of the pollutants was thoroughly simulated. For each industrial enterprise (Figure 11 ), the value of vulnerability index was in a threshold between the value of potential hazard index (higher) and the integrated environmental risk index (lower). If only potential hazard of risk sources was considered, the environmental risk index would be too large due to the neglect of the vulnerability of risk receptors (drinking water intakes), which would lead to an increase in the cost of disposing the pollution incident. In response to accidental pollution incidents, each emergency of environmental risk is corresponded with a treatment, and the more serious the environmental risk level is, the more cost is needed. As the water itself has self-purification ability and the distance from the risk source to the drinking water intake point is too long, the vulnerability of the receptor is of great significance for proper evaluation on the risk of the water source. The trend of the vulnerability index has more similarities with that of the environmental risk index than the potential risk index, which indicates that the vulnerability has a greater impact on the integrated environmental risk level.
Yao et al. assessed the risk of upper-middle reaches of the Luanhe River Basin in sudden water pollution incidents based on control units of water function areas [2] . They evaluated the hazard and vulnerability of the Luanhe River Basin and then obtained the environmental risk value. Although they used the PSR model, they calculated hazard, vulnerability, and risk index to represent the environmental risk, which indicated that our indicator selection was reasonable. A coupling model was created to evaluate the environmental risks of industrial enterprises in lake-type drinking water sources in this study. The migration process of the pollutants was thoroughly simulated.
In addition, the environmental risk rating was more specific. Tian et al. used the analytic hierarchy process (AHP) to evaluate the environmental risks of industrial enterprises in drinking water sources in the HLW [11] . Due to the different methods, the calculation results of Tian were larger than that in this study. The results of the analytic hierarchy process were largely influenced by the weights taken. The weight of each indicator was scored by consulting experts, which may provide inaccurate assessment results of the vulnerability of the drinking water intake. Compared with the analytic hierarchy process (AHP), the coupling model was more quantifiable, concise, convenient, and objective. In both studies, the Yangchang River watershed had the highest risk value, followed by the Maiweng River watershed. The Maxian River watershed and the surrounding area of Hongfeng Lake was relative low. The relative risk model was used with the multi-index comprehensive evaluation method, as well as some other methods, to evaluate the risk sources and risk receptors [15] . Due to the excessive number of indicators, some indicators were difficult to make precise. The interrelation between risk sources and receptors was unidentified within a single assessing region, which may cause double counting to affect the accuracy of the results. Compared with the fuzzy model and interval-evidential reasoning approach, the coupling model was more concise, required fewer data, and the calculation was simple and rapid, which was more suitable for regional environmental risk assessment [17] .
Although this coupling model used a lake-type drinking water source as a case in this study, it was also applicable to river-type drinking water sources. The coupling model has a good compatibility for environmental risk assessment of accidental pollution incidents of industrial enterprises on the scale of watersheds or large regions.
Conclusions
This study analyzed the potential hazard of industrial enterprises and the vulnerability of drinking water sources to conduct a quantitative environmental risk assessment of 81 industrial enterprises in the HLW, and classified the grade of environmental risk of different sub-regions of the HLW by the coupling model.
The evaluation results based on the types and quantities of hazardous substances stored in enterprises indicated that there were 55 potentially hazardous enterprises in the HLW, including 5 high hazard enterprises, 13 medium hazard enterprises, and 37 low hazard enterprises-with 26 no hazard enterprises. Building material production and coal mining were the dominant types of enterprises to threaten the safety of drinking water intakes in the HLW.
The UVI was affected by the migration time and population served by the water intake. The results of the vulnerability assessment showed that the vulnerability index of the Yangchang River watershed was the largest. Besides, it is essential to consider the vulnerability assessment when conducting an environmental risk assessment due to the different sensitivities of risk receptors to accidental pollution events. The environmental risk assessment showed that each industrial enterprise varied considerably in ERI. High-risk industrial enterprises should be the focus of risk management, and regular safety inspections and risk analysis should be conducted. Building material production and coal mining enterprises played an important role in increasing the environmental risk. The risk grade of the Yangchang River and Maiweng River watersheds was high and medium, respectively. The risk level of both the Maxian River watershed and the surrounding area of Hongfeng lake were low.
For accidental water pollution incidents in the HLW, building a three-level drinking water source prevention system of "risk source-water body connection-water intake" is the prerequisite of conducting a regional environmental risk prevention and control program.
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Abbreviations
The i-th industrial water intake distance index affected by j enterprise p max
The population served by all the drinking water intakes p i The population served by the i-th drinking water intake t max
The leak duration reasonable estimation t i,j
The migration time of leaking pollutants to the drinking water intake of the j-th enterprise wfu
The weighting factor of the urban area wfa
The weighting factor of the agricultural area wfi
The weighting factor of the industrial area M i,j Number of dangerous in type j owned by the i-th enterprise L i
The length of the i-th reach D 0
The distance from the leak point to the nearest reach v 0
The average velocity of the leakage flowing into the nearest reach v i
The average velocity of the i-th reach
